South America and is found in all regions of Brazil. Significant intraspecific morphological variation in this species has been reported. To determine the genetic structure of the natural Brazilian populations of P. cuvieri, 10 different populations geographically separated by 99.41 to 2936.75 km were evaluated using 10 polymorphic microsatellite loci. In addition, mitochondrial DNA data were analyzed to determine genetic distance between the populations. The genetic variation was found to be significant in most of the populations (H E ranged from 0.40 to 0.59, and allelic richness ranged from 2.07 to 3.54). An F ST value of 0.27 indicated that high genetic structure was present among the P. cuvieri populations. STRUCTURE 8055-8065 (2014) analyses grouped the 10 populations into nine clusters and indicated that only two of the populations were not genetically differentiated. The genetic distance calculated from the mitochondrial DNA data showed values <0.03 for seven of the populations.
INTRODUCTION
. Map of Brazil displaying the ten locations in which natural populations of Physalaemus cuvieri were surveyed. MA1 = São Pedro da Água Branca, MA; MA2 = Urbano Santos, MA; TO3 = Porto Nacional, TO; MG4 = Uberlândia, MG; SP5 = Vitória Brasil, SP; SP6 = Palestina, SP; SP7 = Nova Itapirema, SP; MT8 = Chapada dos Guimarães, MT; BA9 = Vitória da Conquista, BA; and RS10 = Passo Fundo, RS.
Microsatellite analysis
Ten previously identified P. cuvieri microsatellite loci were used for genetic analyses of P. cuvieri populations (Conte et al., 2009 ) and included the following: P1A10, P3A12, P6A8, P9C1, P12D1, P13A5, P17B10, P20D4, P21D10, and P22C9. The PCR products were visualized on 3% agarose gels, and DNA amplification products were separated by electrophoresis on 6% denatured polyacrylamide gels and silver stained (Creste et al., 2001) . DNA fragment sizes were determined by comparison with a 10-bp DNA ladder (Invitrogen, USA).
Mitochondrial DNA sequencing
The mitochondrial 16S ribosomal gene was chosen as a region of conserved sequence. The 16S gene was amplified from the samples using the following primers: 12SL13, Titus I (H), Hedges 16L2a, Hedges16H10, 16Sar-L, and 16Sbr-H (for primer sequences, see Goebel et al., 1999) . The PCR amplified products were purified with a GFX PCR and Gel Band DNA Purification kit (GE Healthcare, England) and used directly as the template for sequencing. Sequencing was performed in an automatic ABI/Prism DNA sequencer (Applied Biosystems, Foster City, CA, USA) using the BigDye Terminator kit (Applied Biosystems) according to manufacturer instructions. DNA sequences were bidirectionally sequenced and edited using the Bioedit version 7.0.1 software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and aligned using ClustalW.
Data analysis
Expected (H E ) and observed (H O ) heterozygosities and private alleles were estimated using the genetic data analysis (Lewis and Zaykin, 2000) . The FSTAT software (Goudet, 1995) was used to estimate pairwise F ST among the populations through Nei's F-statistics. The Weir and Cockerham estimator of F IS (f -inbreeding coefficient) was used to investigate possible deviations from Hardy-Weinberg equilibrium and to determine the mean of allelic richness. Genetic differentiation among populations was estimated using the F ST statistic (Wright, 1951) .
Clustering of the P. cuvieri populations was performed using the STRUCTURE software (Pritchard et al., 2000) . The settings used were as follows: a burn-in length of 100,000, MCMC repeats of 100,000 and 10 iterations for each K. The possible Ks ranged from 2 to 10. A distinct cluster number (K) was identified (Evanno et al., 2005) . This number examines the second order rate of change of the log probability of the data with respect to the number of clusters.
The Geographic Distance Matrix Generator (Ersts, 2007) was used to calculate all pairwise distances among the 10 populations from a list of geographic coordinates.
The genetic distance between the 10 populations of P. cuvieri was determined using mitochondrial DNA sequences from two specimens from the MA1 and MT8 populations and three specimens from the remaining eight populations. In total, 28 sequences were assessed using MEGA version 4 (Tamura et al., 2007) . The sequences of the following four Physalaemus species were obtained from GenBank and used as outgroups: P. gracilis (Frost et al., 2006) , P. nattereri, P. barrioi, and P. signifier (Ron et al., 2006 
RESULTS

Microsatellite data analysis
The H E per P. cuvieri population ranged from 0.402 in SP7 to 0.597 in RS10. The H O per population ranged from 0.417 in TO3 to 0.803 in MA1. Allelic richness varied from 2.070 to 3.543 (Table 1 ). The overall inbreeding coefficient was f = -0.11 (95%CI). The dominance of negative f values per population (Table 1 ) revealed an excess of heterozygotes. This finding might have been due to favorable heterozygote selection during sampling and may indicate an absence of inbreeding. Private alleles were present in two loci from the RS10 population and in one locus from the SP5 population.
The overall F ST value indicated a genetic variation of 27.1% between the P. cuvieri populations. Pairwise F ST values ranged from 0.076 between TO3 and BA9 and up to 0.428 between the MA2 and SP6 populations (Table 2) .
STRUCTURE analysis revealed a ∆K max of 56.31 and K = 9 (data not shown) and clustered the 10 P. cuvieri populations into 9 groups. As depicted in Figure 2 , the groups are distinguished by colors. Population clustering probabilities are listed in Table 3 , and the letters A to I represent the clusters. Of 160 specimens, 91 (56.8%) were assigned to a cluster with ≥0.90 probability. In the SP5 and SP6 populations, 18 specimens of 91 (19.7%) were grouped within the same cluster. Only the SP7 population had all 12 specimens (100%) assigned to a single cluster. Table 2 . F ST pairwise comparisons between the ten Physalaemus cuvieri populations.
Figure 2.
Graph of the STRUCTURE analysis for K = 9. Each vertical line represents a Physalaemus cuvieri specimen, and the color composition indicates the probability of the specimen belonging to each of the 9 clusters defined by the program.
Mitochondrial DNA analysis
The genetic distance analysis of the 10 P. cuvieri populations showed the smallest value (0.004) among SP7 to SP5 and SP6 and the largest value (0.077) between MT8 and TO3. Despite having been sampled from very distant locations (more than 2000 km), seven populations (MG4, SP5, SP6, SP7, MT8, BA9, and RS10) displayed a genetic distance <0.03 between them. The population TO3 showed high genetic distance (>0.03) when compared with all the other populations. High genetic distances were also noted between MA1 or MA2 Table 3 . Results of the clustering analysis (STRUCTURE) for K = 9 (mean posterior probability for each population).
Numbers in bold represent the specimens assigned to one of the 9 clusters with a probability ≥0.90. The last column shows specimens below the assignment of 0.90. N = total sample size.
and the remaining populations (Table 4 ). The GenBank accession numbers are listed in Table  5 . Two sequences from MA2 and one from SP6 are currently in submission (Lourenço LB, Targueta CP, Baldo D, Nascimento J, et al., unpublished data). Outgroup samples are designated as follows: OUTG-1 = P. nattereri; 2 = P. gracilis; 3 = P. signifer; 4 = P. barrioi.
DISCUSSION
The P. cuvieri microsatellite markers in this study have been previously used to examine a number of alleles, null alleles, H O and H E and deviations from Hardy-Weinberg equilibrium (Conte et al., 2009) . The dominance of the negative f values described here is similar to that of previous studies on anurans. Negative inbreeding index values for R. temporaria populations have been found and indicate a favorable heterozygote selection (Schmeller and Merilä, 2007) . In another study of Rana temporaria and Bufo bufo populations, the average f values equaled zero, indicating an absence of inbreeding in these species (Seppä and Laurila, 1999) . Hence, there was an apparent excess of heterozygotes, which was probably due to sampling. The lack of evidence of inbreeding in most of the populations sampled indicates that they are panmictic populations.
The private alleles identified in RS10 and SP5 may indicate that these two populations are more genetically isolated than the other populations examined. The RS10 population was separated into two subgroups that consisted of 7 specimens sampled in 2006 and 12 sampled in 2007. Although we found that the RS10 population formed an isolated group and suggested the presence of private alleles, other southern populations of the species were not sampled to confirm this result. A similar result was found when analyzing these populations together with other populations from the Physalaemus group using SSR data (Conte et al., 2011) . However, the hypothesis that these specimens belong to a different species was not investigated here, and it certainly cannot be discarded.
In the present study, the high global F ST value (0.27) indicated high levels of genetic differentiation between the P. cuvieri populations examined. This finding is supported by several reports that have assessed the genetic structure in anuran species, including the following: Driscoll (1998a), studying Geocrinia alba and G. vitellina, and Driscoll (1998b) , studying Geocrinia lutea and Geocrinia rosea, with both studies using allozymes; and Barber (1999), studying Hyla arenicolor using mitochondrial DNA, and Kraaijeveld-Smit et al. (2005) , studying Alytes muletensis using microsatellite data.
Most of the F ST pairwise comparisons in this study indicated relatively high differentiation between the populations, since 42 of the pairwise comparisons were significantly different from zero. This range of pairwise F ST values is similar to the range observed in other studies that have been performed in South and Central America. In Amazonian frogs, a mean pairwise F ST = 0.280 has been found, indicating a strong, positive relationship between genetic divergence and differences between populations of P. petersi (Funk et al., 2009 ). Studies of two species from Central America, Dendropsophus ebraccatus and Agalychnis callidryas, showed that pairwise F ST comparisons were significant in most populations, indicating restricted gene flow even between the populations within the regions of Costa Rica and Panama (Robertson et al., 2009 ).
To our knowledge, there is no other genetic study of P. cuvieri populations with which to compare these results. However, the F ST data derived from other anuran species are in agreement with the data described here. The majority of previous studies that have investigated the genetic structure of anuran populations have addressed populations that were up to a few kilometers apart. On a larger geographic scale, the genetic differentiation between P. cuvieri populations has frequently been high. Our 10 polymorphic microsatellite loci showed genetic structuring of the natural P. cuvieri populations from regions of Brazil that were separated from each other by a distance of 100 km (F ST = 0.397) to 2900 km (F ST = 0.283).
The 10 P. cuvieri populations were clustered into nine groups. The SP5 and SP6 populations (109.40 km apart) were grouped together in the STRUCTURE analysis. However, although SP7 was located close to SP6 (99.4 km apart), they were distinguished from each other and from the remaining populations. A similar distinction occurred in the RS10 population, and the TO3 population was also divided into two sets of specimens. The TO3 population consisted of 10 specimens that were captured in an open pasture area in 2004 and 11 that were captured in a forest in 2007. The sampling areas for TO3 were 50 m apart from each other. The 10 TO3 specimens captured in 2004 were grouped with MG4, and the 11 specimens captured in 2007 clustered together with individuals from BA9, indicating that these specimens share similar alleles.
The genetic distances determined from the mitochondrial DNA data revealed a value > 0.03% among MA1/MA2, TO3 and among the remaining populations. A threshold value of approximately 0.03 appears to be appropriate to distinguish between intra-and interspecific divergence between neotropical anurans (Fouquet et al., 2007a) . Amphibians are often characterized by high levels of genetic differentiation. Intraspecific pairwise divergence of the mitochondrial 12S and 16S genes has been found to extend up to almost 6% (Vences et al., 2005) . In most comparisons between conspecific populations, the values are lower. Divergences of approximately 4 to 5% usually indicate distinct species (Fouquet et al., 2007b) . Defining a new species based on the genetic distances found in a single DNA fragment is problematic (Veith, 1996) . However, above a certain threshold, the distance found could be used as an indicator for identifying candidate species (Fouquet et al., 2007a) .
For several species, studies that have captured and recaptured animals have shown that neighboring amphibian populations can interact through migration and gene flow (Berven and Grudzien, 1990) . However, some amphibians exhibit strong fidelity to their habitats and have low dispersive capabilities (Funk et al., 2005) . Such behavior can contribute to the restriction of gene exchange between amphibian populations (Newman and Squire, 2001; Burns et al., 2004) .
Several studies have shown that amphibians are highly philopatric (Berven and Grudzien, 1990; Seppä and Laurila, 1999; Manier and Arnold, 2006) , and some amphibian populations tend to become isolated (Shaffer et al., 2000) . Consequently, amphibians are highly vulnerable to environmental degradation, which can lead to a reduction in their population size (Ficetola and De Bernardi, 2004) . Small and isolated populations lose genetic variability (Johansson et al., 2007) , and increased interpopulation distances promote relative isolation among local populations (Rowe et al., 2000) .
The data described in the present study reveal the high fidelity of the P. cuvieri populations to their breeding pond based on the geographic scales used. This finding suggests that P. cuvieri is strongly philopatric and has low vagility. The majority of the previous studies on the genetic structure of anuran populations have addressed populations that were a few kilometers apart. On a larger geographic scale, high levels of genetic differentiation between P. cuvieri populations have been frequently observed. The 10 polymorphic microsatellite loci investigated here showed genetic structuring within the natural populations of P. cuvieri that were isolated from regions of Brazil and were separated by distances ranging from 99.41 km (F ST = 0.615) to 2936 km (F ST = 0.552).
In addition to revealing interpopulation genetic differentiation between the populations tested, the microsatellite analysis revealed important variation within populations. These results are in agreement with previously published studies that have demonstrated morpho-logical and cytogenetic polymorphisms within species at the inter-and intrapopulational level.
Physalaemus cuvieri species may represent a complex of subspecies or species. This report confirms the need for more detailed molecular studies to better understand the variations that we found here.
